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Plants produce ∼300 aromatic compounds enzymatically linked to
prenyl side chains via C–O bonds. These O-prenylated aromatic com-
pounds have been found in taxonomically distant plant taxa, with
some of them being beneficial or detrimental to human health. Al-
though their O-prenyl moieties often play crucial roles in the biolog-
ical activities of these compounds, no plant gene encoding an
aromatic O-prenyltransferase (O-PT) has been isolated to date. This
study describes the isolation of an aromatic O-PT gene, CpPT1, be-
longing to the UbiA superfamily, from grapefruit (Citrus × paradisi,
Rutaceae). This gene was shown responsible for the biosynthesis of
O-prenylated coumarin derivatives that alter drug pharmacokinetics
in the human body. Another coumarin O-PT gene encoding a protein
of the same family was identified in Angelica keiskei, an apiaceous
medicinal plant containing pharmaceutically active O-prenylated cou-
marins. Phylogenetic analysis of these O-PTs suggested that aromatic
O-prenylation activity evolved independently from the same ancestral
gene in these distant plant taxa. These findings shed light on under-
standing the evolution of plant secondary (specialized) metabolites
via the UbiA superfamily.

plant-specialized metabolism | aromatic O-prenyltransferase | parallel
evolution | coumarin | grapefruit–drug interactions

Plants produce many O-prenylated aromatic molecules pos-
sessing prenyl side chains attached to the aromatic cores via

C–O bonds. These aromatic core structures include flavonoids,
coumarins, xanthones, and aromatic alkaloids, with roughly half
of them (ca. 150 structures) being classified as coumarins (1, 2).
Some O-prenylated aromatic compounds have pharmaceutically
beneficial activities, whereas others are deleterious to human
health (1, 2). These beneficial/detrimental activities are often due
to or enhanced by O-prenyl moieties (3–6).
Native coumarinO-prenyltransferase (O-PT) activities of Rutaceae

and Apiaceae, plants that accumulate large amounts of O-prenylated
coumarins, have been characterized biochemically, with membrane-
bound proteins found to be involved in coumarin O-prenylation
(7, 8). To date, ∼50 UbiA superfamily genes encoding membrane-
bound proteins have been found to encode aromatic C-PTs (9),
which transfer prenyl moieties to aromatic cores via C–C bonds.
Although these genes were shown to encode enzymes involved in
plant primary and specialized metabolism (10), no gene encoding
an aromatic O-PT has yet been identified in plants.
O-prenylated aromatic compounds have been detected in several

distant plant families, including Asteraceae, Boraginaceae, Fabaceae,
Hypericaceae, Rutaceae, and Apiaceae, but are not ubiquitous
throughout the plant kingdom (1). The lack of knowledge of
genes encoding aromatic O-PTs has prevented a determination of
the appearance of aromatic O-prenylation activity during plant
speciation.

Among Rutaceae, Citrus species accumulate large amounts of
O-prenylated coumarins, especially in their flavedo (outer peri-
carp) (11–14). Citrus O-prenylated coumarins have shown vari-
ous pharmaceutical properties (2), including anticancer (4, 15),
antimicrobial (3), and anti-inflammatory (16) activities, although
some of these derivatives have shown undesirable effects in hu-
mans. Citrus fruits and juices enhance the bioavailability of orally
administrated medications, which can lead to overdoses and in-
creased side effects (5, 17). These “grapefruit–drug interactions”
have been found to alter the pharmacokinetics of more than 85
medications, including statins and calcium channel blockers (17).
The US Food and Drug Administration has cautioned consumers
not to consume grapefruits or grapefruit juice at times close to
taking such drugs (18). Citrus species are thought to alter drug
pharmacokinetics by inactivating CYP3A4, the major xenobiotic-
metabolizing enzyme in the intestines and liver (5, 17).
Furanocoumarins (FCs) are tricyclic coumarins containing a

furan ring. O-geranylated forms of FCs, including bergamottin
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and its oxidative derivatives (Fig. 1), are promising candidates
responsible for grapefruit–drug interactions due to their potent
inhibition of CYP3A4 (5, 17, 19). CYP3A4-catalyzed metabolism
of their furan rings produces reactive chemicals that inactivate this
enzyme itself (20), whereas their O-geranyl side chains contribute
to the interaction with CYP3A4 (6), enhancing the metabolism
of their furan rings. Bergamottin and 6′,7′-dihydroxybergamottin
showed seven- and 160-fold higher in vitro inhibitory activity,
respectively, than the nongeranylated form bergaptol (5). Fur-
thermore, O-geranyl moieties act as linkers to form FC dimers,
called paradisins, which are more potent CYP3A4 inactivators
than monomeric O-geranylated FCs (5). These findings suggest
that paradisins, along with O-geranylated FC monomers, may be
involved in grapefruit–drug interactions.
Starting with transcriptome analysis of flavedo tissues, this study

describes the isolation of a gene encoding a coumarinO-PT involved
in bergamottin biosynthesis in grapefruit. The gene product was
characterized functionally, and the contribution of O-PT orthologs
to coumarin biosynthesis was assessed in various Citrus species. In
addition, an aromatic O-PT was isolated from Angelica keiskei, an
apiaceous medicinal plant producing O-prenylated coumarins (21).
The evolutionary development of aromatic O-prenylation activity in

plants was assessed by phylogenetic analysis of O-PTs from the
taxonomically distant families Rutaceae and Apiaceae.

Results
Construction of a Transcriptome Dataset from Grapefruit Flavedo Tissues.
Because the native enzymes catalyzing coumarin O-prenylation in
lemon flavedo were shown to possess characteristics common to
PTs in the UbiA superfamily, that is, membrane association and
divalent cation requirement (8), the genomes of Citrus sinensis
(sweet orange, the male parent of grapefruit) and Citrus clementina
(clementine) in the public Phytozome database were searched to
identify genes in this family. The search term “UbiA” identified 26
and 27 loci in the sweet orange and clementine genomes, respec-
tively. In contrast, a search of the Arabidopsis thaliana genome
identified only six loci, which form a minimal gene set only for the
six primary metabolic pathways relevant to the UbiA superfamily
(10). These in silico searches identified members of the UbiA su-
perfamily potentially involved in the specialized metabolism of Citrus
genus, as exemplified by the synthesis of 8-C-geranylumbelliferone by
a lemon UbiA C-PT, ClPT1 (22). To better identify aromatic O-PT
candidates, we performed transcriptome analysis of grapefruit, which

Fig. 1. The biosynthetic pathway of the major O-prenylated aromatic compounds in grapefruit. Biosynthetic steps catalyzed by O-PTs and a C-PT are shown
in red and blue, respectively. Metabolites derived from umbelliferone 7-O-GT and bergaptol 5-O-GT are highlighted in yellow and orange, respectively.
Bergamottin and its downstream metabolites are considered promising candidates responsible for grapefruit–drug interactions.
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is rich inO-prenylated coumarins that are involved in grapefruit–drug
interactions.
Grapefruits primarily accumulate two types of O-prenylated phe-

nolics, auraptene- and bergamottin-related compounds, which are
likely synthesized by distinct O-geranylation pathways and catalyzed
by umbelliferone 7-O-geranyltransferase (U7OGT) and bergaptol
5-O-GT (B5OGT), respectively (Fig. 1) (11, 12). Quantification of
these major O-prenylated coumarins in different grapefruit organs
revealed that they are most abundant in flavedo tissues of immature
and mature fruits (SI Appendix, Figs. S1 and S2), from which we
constructed a transcriptome dataset (Datasets S1 and S2).

Isolation of Candidate Genes Encoding O-PTs from Grapefruit. To
comprehensively identify UbiA PTs involved in plant-specialized
metabolism in the grapefruit flavedo transcriptome, in silico
screening was performed using seven query sequences, that is,
ClPT1 (22) and six sweet orange proteins probably orthologous
to Arabidopsis thaliana UbiA PTs functionally involved in primary
metabolic pathways (10). Candidates for coumarin O-PTs were
selected based on three criteria (SI Appendix, Fig. S3A): 1) low to
moderate amino acid identity to UbiA proteins involved in plant
primary metabolism (SI Appendix, Table S1), 2) the presence in
another public transcriptome dataset prepared from grapefruit
leaves that accumulate O-geranylated coumarins (SI Appendix,
Table S2), and 3) transcripts per million (TPM)-based expression
levels of grapefruit flavedo contigs to remove those with zero TPM
(Dataset S2). Nine contigs, mapped to four genes in the sweet
orange genome, were selected (SI Appendix, Fig. S3B).
Using RT-PCR and primers for corresponding sweet orange

sequences, we isolated the full coding sequences (CDSs) of three
candidate genes from grapefruit flavedo, called C. × paradisi PT
1–3 (CpPT1–3) (SI Appendix, Fig. S3B). Although we failed to
amplify a CDS for the other candidate gene, the transcript cor-
responding to c22985_g1_i1 seemed to be nonfunctional as shown
by the lack of a coding region containing the second aspartate-rich
motif that is essential for prenylation reactions in UbiA proteins
(23, 24). In silico analysis predicted that the polypeptides CpPT1
and CpPT2 each contains two aspartate-rich motifs, multiple
transmembrane regions, and N-terminal signal peptides to plastids
(transit peptides, TPs), all of which are characteristics of plant
UbiA-PT proteins (9, 10, 22, 25) (SI Appendix, Fig. S4). Although
CpPT3 was not predicted to have a TP, its score was just below the
threshold for the detection of a TP.

Functional Screening of CpPTs. These individual PTs were transiently
expressed in Nicotiana benthamiana leaves by agroinfiltration be-
cause this system provides an appropriate functional expression of
those membrane proteins (9, 25), while heterologous expression of
plant UbiA proteins embedded in plastid membranes often fails in

microbial hosts. Microsomes prepared from these leaves were
subjected to B5OGT and U7OGT assays in the presence of Mg2+

as a cofactor. Neither CpPT2 nor CpPT3 was able to synthesize any
O-geranylated products in B5OGT assays, in which bergaptol was
used as the prenyl acceptor substrate (SI Appendix, Fig. S5 A and
B). CpPT2 was also unable to synthesize any product in U7OGT
assays, in which umbelliferone was the aromatic substrate (SI
Appendix, Fig. S5 A and B). CpPT3, like ClPT1, was found to
catalyze the synthesis of two products, 8-C-geranylumbelliferone
and a byproduct, but not auraptene (SI Appendix, Fig. S5C) (22).
Because CpPT3 and ClPT1 show 95% amino acid identity (SI
Appendix, Fig. S4A), these two enzymes may have orthologous
functions in Citrus. CpPT2 and CpPT3 were also incubated in the
presence of various substrate pairs, but no clear O-prenylation
activity was detected (SI Appendix, Fig. S5 A and B).
Although CpPT1-expressing microsomes did not yield any

products in U7OGT assays, high-performance liquid chromatog-
raphy analysis showed that these microsomes generated a product
in B5OGT assays (Fig. 2). This product had the identical retention
time and mass spectrometry (MS) and MS2 spectra as berga-
mottin, a finding confirmed by direct comparison with a standard
specimen (SI Appendix, Fig. S6 A and B). MS2 analysis using the
positive ion mode found that the major peak after fragmentation
of the molecular ion of bergamottin (m/z = 339) was at m/z = 203,
with the difference of 136 daltons corresponding to the molecular
weight of a geranyl chain (SI Appendix, Fig. S6C). This total loss of
a prenyl moiety is possibly unique to O-prenylated aromatics, as
one carbon at the benzyl position remains after the fragmentation
of C-prenyl moieties (26), resulting in a loss from C-geranyl
moieties of 124 daltons (22, 26). These biochemical findings sug-
gested that CpPT1 is a strong B5OGT candidate.

Enzymatic Properties of CpPT1. The specificity of CpPT1 for cou-
marin molecules as prenyl acceptors was analyzed in the presence of
the prenyl donor geranyl diphosphate (GPP; Table 1 and SI Ap-
pendix, Fig. S6). CpPT1 was able to transfer prenyl moieties to
coumarin molecules with hydroxy groups at the C5 (no. 3 and 7)
and C8 (no. 13 and 16) positions. These enzymatic products were
identified as O-geranylated forms by direct comparison with avail-
able standards or, if standards were unavailable, were predicted to
be theO-geranylated forms by their MS2 fragmentation patterns (SI
Appendix, Fig. S6 D–K). Coumarin and FC derivatives without hy-
droxy groups at C5 and C8, as well as molecules in other phenolic
classes, were not recognized as substrates.
The prenyl donor specificity of CpPT1 was also investigated

using prenyl diphosphates of different chain lengths in the
presence of coumarin derivatives accepted in GT assays, but no
reaction products were observed for any combination (Table 1).
Umbelliferone, p-coumaric acid, and ferulic acid were also

GPP

+
2.5 5.0 7.5 10.0

Bergaptol (Bol)

Fig. 2. The B5OGT activity of CpPT1. Microsomes prepared from N. benthamiana leaves expressing CpPT1 were used as crude enzymes, with the negative
control being microsomes prepared from N. benthamiana leaves expressing a chimeric protein consisting of N-terminal amino acids 1 to 70 of CpPT1, in-
cluding the TP and synthetic green fluorescence protein (CpPT1TP-sGFP). Ultraviolet chromatograms at 310 nm of the full assay and the negative control assay
are shown at a comparable scale.
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tested in dimethylallyltransferase (DT) assays because their
dimethylallylated forms have been found in Rutaceae species,
with C-dimethylallylated umbelliferone molecules being precursors
of FCs (27, 28). However, no reaction products were observed
(Table 1). Taken together, these biochemical analyses demon-
strated that CpPT1 functions as a coumarin 5/8-O-GT.
Kinetic analysis of the O-geranylation activity of CpPT1 in the

presence of the five coumarin substrates demonstrated that
bergaptol was the optimal prenyl acceptor (SI Appendix, Table S3).
Kinetic analysis of GPP measured in the presence of bergaptol or its
structural isomer, xanthtotoxol, resulted in similar apparent Km
values, irrespective of the prenyl acceptor substrate (SI Appendix,
Table S4). These results indicated that the recombinant CpPT1
mainly functions as B5OGT, with an optimal pH in the neutral to
weak alkaline region (SI Appendix, Fig. S7A). Analysis of its divalent
cation preference showed that Mg2+ was the optimal cofactor for
CpPT1 (SI Appendix, Fig. S7B). The B5OGT enzymatic activities of
recombinant CpPT1 and the native microsomes prepared from
lemon flavedo were similar (8).

In planta Gene Expression Profile and Subcellular Localization of
CpPT1. To assess the involvement of CpPT1 in the biosynthesis
of O-prenylated coumarins in grapefruit, the levels of expression
of CpPT1 were determined in different organs (Fig. 3A).

Assessment of both immature and mature fruits showed that
CpPT1 was highly expressed in flavedo but weakly expressed in
albedo. This gene is also expressed in buds and leaves at similar to
lower levels than in flavedo tissues. This expression profile is in
agreement with the patterns of accumulation of bergamottin and
its downstream derivatives (SI Appendix, Fig. S2).
To assess the subcellular localization of CpPT1 in planta,

synthetic green fluorescent protein (sGFP) was fused to the C ter-
minus of the first 70 amino acids representing the predicted TP of
CpPT1 (CpPT1TP-sGFP) or to the C terminus of the full-length
polypeptide (CpPT1-sGFP) (SI Appendix, Fig. S4B). Confocal mi-
croscopy of epidermal cells of N. benthamiana leaves expressing
these GFP fusion proteins showed that both chimeric proteins lo-
calized to chloroplasts (Fig. 3B). These results strongly suggest that
CpPT1 functions in plastids in grapefruit, consistent with the plastid
localization of the MEP pathway that provides GPP in plant cells.

FC Chemotypes Related to the Gene Structures of CpPT1 Orthologs in
Citrus. Citrus domestication involved crossing of the four ances-
tral species, citron (C. medica), pure (or ancestral) mandarin (C.
reticulata), papeda (C. micrantha), and pummelo (C. grandis),
among themselves and/or with their descendants, generating
most of the currently cultivated varieties, such as sweet orange,
lemon, and grapefruit (29–31). The concentrations and

Table 1. Substrate specificity of CpPT1

Class No. Compound
Hydroxy position on the coumarin

ring (for coumarins) DMAPP GPP FPP

Simple coumarins 1 Umbelliferone 7 N.D. N.D.
2 6-Hydroxycoumarin 6 N.D.
3 5,7-Dihydroxycoumarin 5,7 N.D. + N.D.
4 Esculetin 6,7 N.D.
5 5-Methoxy-7-hydroxycoumarin 7 N.D.
6 Scopoletin 7 N.D.
7 5-Hydroxy-7-methoxycoumarin 5 N.D. + N.D.
8 Isoscopoletin 6 N.D.
9 Daphnetin 7-methylether 8 N.D.
10 Limettin — N.D.

Linear FCs 11 Psoralen — N.D.
12 Bergaptol 5 N.D. + N.D.
13 Xanthotoxol 8 N.D. + N.D.
14 Bergapten — N.D.
15 Xanthotoxin — N.D.
16 8-Hydroxybergapten 8 N.D. + N.D.

Angular FCs 17 Isobergaptol 5 N.D.
18 Sphondinol 6 N.D.

Phenylpropanes 19 p-Coumaric acid N.D. N.D.
20 2,4-Dihydroxycinnamic acid N.D.
21 Ferulic acid N.D. N.D.

Flavonoids 22 Isoliquiritigenin N.D.
23 Genistein N.D.
24 Naringenin N.D.

Homogentisic acid 25 Homogentisic acid N.D.

Simple coumarins (no. 1 to 10), linear FCs (11 to 16), angular FCs (17 and 18), phenylpropanes (19 to 21), flavonoids (22 to
24), and homogentisic acid (25) were tested as possible prenyl acceptor substrates of CpPT1. DMAPP, GPP, and farnesyl
diphosphate (FPP) were tested as possible prenyl donor substrates. Reaction mixtures (100 μL) containing microsomes, 200 μM
prenyl acceptor substrate, 200 μM prenyl donor substrate, and 10 mM MgCl2, pH 7.6 were incubated at 28 °C for 20 h.
Independent triplicate reactions gave the same result. The substrate pairs resulting in enzymatic products are marked with
pluses. N.D., not detected. The chemical structures of the aromatic substrates are shown in SI Appendix, Fig. S6A (all mol-
ecules) and SI Appendix, Table S3 (molecules accepted by CpPT1)
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compositions of coumarins in the flavedo of these species vary,
with papeda, pummelo, and citron varieties producing high
quantities, and mandarin varieties producing low quantities, of
coumarins (Fig. 4A) (12). Interestingly, the major O-geranylated
FCs in citrus, such as bergamottin and its downstream metabo-
lites, are undetectable in citron varieties, despite their high contents
of FCs (12).
The relationship between CpPT1 orthologs and the coumarin

profile was investigated in members of the genus Citrus. A blastn
search using the CpPT1 CDS detected a single close homolog
each in the pummelo, citron, and pure mandarin genomes (SI

Appendix, Fig. S8). Because genomic information on papeda was
unavailable, we isolated two full-length CDSs 98% identical to
CpPT1 from papeda by RT-PCR, named CmiPT1a/b (SI Appendix,
Fig. S9A).
The pummelo genome contains a putative CpPT1 orthologous

gene, in accordance with the pummelo being the female parent
of grapefruit (SI Appendix, Fig. S8A) (29). Biochemical character-
ization demonstrated that, like CpPT1, papeda CmiPT1a/b encode
functional O-GTs for both bergaptol and xanthotoxol (Fig. 4B and
SI Appendix, Fig. S9 B–D). In contrast, the citron CpPT1 ortholog
contains an insertion consisting of an 8 base pair (bp) repeat con-
taining an in-frame stop codon at the 3′ end of its third exon (SI
Appendix, Fig. S8 A and B). This insertion was confirmed by PCR
sequencing of the genomes of three citron varieties previously
shown to be devoid of O-geranylated FCs (SI Appendix, Fig. S8B)
(12). These citron varieties were also found to contain two other
O-geranylated coumarins, 5G7M and auraptene (12), suggesting
that these varieties possess GPP pools available for coumarin pre-
nylation. Together with previous findings (12), these results suggest
that the 8 bp insertion causes loss of function of the citron CpPT1
ortholog, resulting in the absence of O-geranylated FCs from this
species. The CpPT1 ortholog in pure mandarin was found to contain
a deletion and an insertion (SI Appendix, Fig. S8 A and C), consistent
with findings showing the undetectable or very low accumulation of
O-geranylated FCs in domesticated mandarin varieties (12).

Isolation of a Coumarin O-PT from Apiaceae. O-prenylated couma-
rins have also been detected in vegetables and medicinal plants
in the family Apiaceae (2, 21). Because this family is taxonomically
distant from Rutaceae in angiosperms (32) and to obtain evolu-
tionary insight into the emergence of aromatic O-prenylation ac-
tivity in plants, we sought to determine whether a UbiA-PT gene
was involved in the synthesis of O-prenylated coumarins in An-
gelica keiskei, a medicinal plant endemic to Japan that is locally
consumed as a vegetable (21). We selected a variety of A. keiskei
accumulating O-dimethylallylated bergaptol (isoimperatorin) and
its oxidative derivatives as well as C-prenylated chalcones (21).
Biochemical characterization of the O-DT activities for FCs using
crude enzymes prepared from the leaves of A. keiskei showed that
the native bergaptol 5-O-DT (B5ODT) activity leading to the
synthesis of isoimperatorin required divalent cations as a cofactor
and was associated with the cell membrane (SI Appendix, Fig.
S10 A–D). Native A. keiskeimicrosomes also possessed xanthotoxol
8-O-DT activity (X8ODT), resulting in the production of imper-
atorin, although this product was not detected in the A. keiskei plants
used in this study (SI Appendix, Fig. S10 E and F). These findings
suggest that members of the UbiA protein superfamily are involved in
the O-prenylation of FCs in Apiaceae as well as in Rutaceae.
Using degenerate primers that were designed based on conserved

amino acid regions among UbiA PTs, a full-length CDS was
isolated from A. keiskei leaves by RT-PCR and subsequent rapid
amplification of complementary DNA ends. This gene, named
AkPT1, was found to encode a protein with the three conserved
polypeptide features of UbiA PTs, similar to CpPT1 (SI Ap-
pendix, Figs. S11 and S12). In vitro enzymatic characterization
using the N. benthamiana transient expression system showed
that AkPT1 has B5ODT and X8ODT activities (Fig. 5 and SI
Appendix, Fig. S13 A and B). AkPT1, however, did not prenylate
umbelliferone or isoliquiritigenin, the prenyl acceptor involved in
the biosynthesis of C-prenylated chalcones in A. keiskei (Fig. 5C).
For bergaptol and xanthotoxol, this enzyme accepted GPP less
efficiently than dimethylallyl diphosphate (DMAPP) as a prenyl
donor (Fig. 5C and SI Appendix, Fig. S13 C–F), suggesting that,
in A. keiskei, AkPT1 acts primarily as a coumarin 5/8-O-DT. The
enzymatic properties associated with the B5ODT activity of AkPT1
were also determined (SI Appendix, Fig. S14). The apparent Km
values of AkPT1 for bergaptol and DMAPP were found to be 3.1 ±
0.3 and 1.8 ± 0.1 μM, respectively. In addition, the optimal pH for

Fig. 3. Organ-specific gene expression and subcellular localization of
CpPT1. (A) Organ-specific expression of CpPT1. Ratios of the relative ex-
pression of CpPT1 to CpEF1α in grapefruit leaves, buds, and the flavedo and
albedo of immature and mature fruits normalized to the average CpPT1/
CpEF1α ratio in mature flavedo (n = 5 biological replicates) are shown.
Relative levels of expression are shown as box plots (center line, median; box
limits, first and third quartiles; whiskers, minimum and maximum). Signifi-
cant differences between groups are indicated by letters (P < 0.05 by Games-
Howell tests). (B) Subcellular localization of CpPT1TP-sGFP and CpPT1-sGFP.
Free sGFP, CpPT1TP-sGFP, and CpPT1-sGFP were transiently expressed in N.
benthamiana leaves by agroinfiltration, with the negative control consisting
of leaves infiltrated by water. Chloroplasts were visualized by chlorophyll
autofluorescence. For merging, the brightness and contrast of the fluores-
cent images were adjusted in an unbiased manner, with magenta being a
pseudocolor for the chlorophyll autofluorescence signal. Enlarged images
are inserted for CpPT1TP-sGFP and CpPT1-sGFP. (Scale bars, 20 μm.)
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AkPT1 was in the alkaline region (pH 7.5 to 9.0), and its optimal
divalent cation cofactor was Mg2+.

Phylogenetic Relationship of Aromatic O-PTs from Distant Angiosperm
Families. To determine whether enzymatic properties reflect a
phylogenetic relationship and to obtain evolutionary insight on the

emergence of aromatic O-prenylation ability in plants, the O-PTs
identified in Rutaceae and Apiaceaee were subjected to phy-
logenetic analysis. A neighbor-joining phylogenetic tree showed
that, of the six primary metabolism clades, O-PTs from both
plant families were located closest to the VTE2-1 clade re-
sponsible for tocopherol biosynthesis (Fig. 6 and SI Appendix,
Table S5). These findings suggest that the molecular evolution
of VTE2-1 is responsible for the emergence of O-PT genes in both
Rutaceae and Apiaceae. However, the O-PTs from Rutaceae and
Apiacee did not form a common clade but were grouped in
independent clades together with C-PTs from the same plant
families, that is, all rutaceous O-PTs were included in one clade
together with citrus C-PTs (ClPT1 and CpPT3) and CpPT2
(22), whereas the apiaceous O-PT was included in another
clade, together with the other apiaceous C-PTs (PcPT1, PsPT1,
and PsPT2) (33, 34). A search for orthologs of the rutaceous
O-PTs in public transcriptomes of apiaceous species that pro-
duce O-prenylated FCs detected no candidates (SI Appendix,
Tables S6 and S7) (35). Similarly, no candidate orthologs of the
apiaceous O-PT were detected in the grapefruit flavedo tran-
scriptome (SI Appendix, Table S8). These in silico analyses
suggest that the O-PT genes of Rutaceae and Apiaceae each
evolved independently from VTE2-1 in a parallel manner.

Fig. 4. Conservation of CpPT1 orthologs in Citrus genus. (A) Total FC and
O-geranylated FC contents in the flavedo of papeda (C. micrantha, the blue
circle); in different varieties of pummelo (C. grandis, red circles), citron
(C. medica, yellow circles), and mandarin (C. reticulata, orange circles); and in
marsh grapefruit (the gray circle). Quantitative data, expressed as means ± SEs
of four samples each of Reinking and Tahiti pummelo and five samples each of
all other varieties, have been reported previously (12). Trace amounts of me-
tabolites were set at zero for figure construction. The varieties of pummelo
tested included Chandler, Deep Red, Kao Pan, Pink, Reinking, Seedless, and
Tahiti pummelo; the varieties of citron tested included Buddha’s hand,
Corsican, and Etrog citron; and the varieties of mandarin tested included Beauty,
Cleopatra, Dancy, Fuzhu, Nan Feng Mi Chu, Owari Satsuma, San Hu Hong Chu,
Shekwasha, Sunki, Wase Satsuma, and Willowleaf mandarins. All mandarin
varieties tested were domesticated, possessing pummelo-derived genomic
segments. The FC molecules assayed included 6′,7′-dihydroxybergamottin,
8-geranyloxypsoralen, bergamottin, bergapten, bergaptol, byakangelicin,
byakangelicol, cnidicin, cnidilin, epoxybergamottin, heraclenin, heraclenol,
imperatorin, isoimperatorin, isopimpinellin, oxypeucedanin, oxypeucedanin
hydrate, phellopterin, psoralen, xanthotoxin, and xanthotoxol, with 6′,7′-
dihydroxybergamottin, 8-geranyloxypsoralen, bergamottin, and epoxybergamottin
beingO-geranylated FC derivatives. (B) Isolation of functional CpPT1 orthologs
from papeda. Ultraviolet chromatograms at 310, 300, and 330 nm of GT
assay mixtures of C. micrantha PT1a/b (CmiPT1a/b) with the aromatic
substrates bergaptol (Bol, no. 12), xanthotoxol (Xol, no. 13), and 5-hydroxy-7-
methoxycoumarin (5H7M, no. 7), respectively, with CpPT1TP-sGFP used as a
negative control. All chromatograms are shown at a comparable scale except
for that of the standard. The chemical structures of the aromatic substrates are
shown in SI Appendix, Fig. S6A and Table S3.

A B

C

Fig. 5. Biochemical characterization of AkPT1. (A) Ultraviolet chromato-
grams at 311 nm of B5ODT reaction mixtures with N. benthamiana leaf
microsomes containing recombinant AkPT1 and AkPT1TP-sGFP (negative
control). (B) MS2 spectrum of the reaction product in the positive ion mode.
The loss of 68 daltons probably corresponds to fragmentation caused by the
loss of the O-dimethylallyl moiety attached to the FC structure. (C) Substrate
specificity of AkPT1. Bars represent AkPT1 relative to the average B5ODT
activity in triplicate samples. N.D., not detected.
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Two aromatic O-PT genes belonging to the UbiA superfamily
have been identified in bacteria (36, 37). Although the enzymes
encoded by these bacterial genes showed less than 16% amino
acid identities with the plant O-PTs, the amino acid identities
among plant O-PTs were greater than 40% even when comparing
O-PTs from different plant families (SI Appendix, Table S9). This
homology difference between kingdoms also suggests that O-PTs in
Rutaceae and Apiaceae emerged in a plant taxon-specific manner.

Discussion
Aromatic prenylation diversifies the chemical structures of plant
metabolites, as these enzymes vary widely in substrate specificity
for both prenyl donors and acceptors and in regio specificity (38).
In addition, the structures of these metabolites are further altered
by the chemical modifications of transferred prenyl moieties
through, for example, hydroxylation, cyclization, and dimerization
(38). These diversities in prenylation and subsequent chemical
modifications resulted in the diversification of their biological
activities (39).
To date, several UbiA PTs catalyzing aromatic C-prenylations

have been reported to be involved in primary and specialized
metabolism in various plant families (10). Phylogenetic analyses
of plant UbiA proteins have demonstrated that all C-PTs reportedly
involved in specialized metabolism evolved from one of three

primary metabolic C-PT groups, that is, VTE2-1 for tocopherol
biosynthesis, VTE2-2 for plastoquinone biosynthesis, and poly-
prenyl diphosphate transferase (PPT) for ubiquinone biosyn-
thesis, with the ancestor chosen in a taxon-specific manner (9).
The present study showed the evolution of aromatic O-PTs was
most likely due to divergence from VTE2-1. Similar to aromatic
C-prenylation by other UbiA PTs, CpPT1 was found to catalyze
both substrate- and regio-specific O-prenylations. UbiA C-PTs
transfer prenyl moieties to carbons at the ortho-positions of
phenolic hydroxy moieties, with VTE2-1 showing this regio spec-
ificity (40). CpPT1 was found to generate only O-geranylated
products from two simple coumarin derivatives possessing the
C5-hydroxy moiety (no. 3 and no. 7), despite the availability of the
C6 position on these molecules for C-prenylation. Thus, CpPT1
being able to specifically catalyze O-prenylation may have derived
from a neofunctionalized form of C-PT. The C- and O-PTs in-
volved in the specialized metabolism of coumarins in Rutaceae
likely originated from the common ancestor VTE2-1, suggest-
ing that gene duplication and neofunctionalization events of
VTE2-1 have produced a set of PTs catalyzing a variety of aromatic
prenylation reactions. This molecular evolution could also apply to
Apiaceae. Further identification of genes encoding UbiA PTs is
necessary to determine the details of evolutionary pathways from
VTE2-1 in these plant families.

Fig. 6. Phylogenetic relationship of aromatic O-PTs in the UbiA superfamily from Rutaceae and Apiaceae. A neighbor-joining phylogenetic tree of UbiA
proteins. The tree was constructed with 1,000 bootstrap tests based on a ClustalW multiple alignment of UbiA proteins, including CpPT1, CmiPT1a/b, and
AkPT1. Bootstrap values are shown for nodes separating clades and for nodes between C-PTs and O-PTs in Rutaceae and Apiaceae. The bar represents an
amino acid substitution rate per site of 0.20. The clades of primary metabolism-related proteins are marked with gray circles. The clades of specialized
metabolism-related PTs are highlighted with differently colored circles depending on their possible ancestors, with VTE2-1-, VTE2-2-, and PPT-related clades
indicated in orange, green, and blue, respectively, together with their aromatic substrates at the family scale. The PTs of Rutaceae and Apiaceae isolated in
this study are highlighted in red and bold. The plant species and the accession numbers of the input sequences are provided in SI Appendix, Table S5.
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The enzymatic properties of recombinant CpPT1 and the native
microsomes of citrus flavedo toward B5OGT were similar (8). The
pattern of CpPT1 expression in grapefruit organs matched the
pattern of accumulation of its reaction products, including berga-
mottin and its derivatives. The predicted or biochemically verified
functions of CpPT1 orthologs were associated with the accumula-
tion of major citrus O-geranylated FCs in the flavedo of various
ancestral Citrus species, strongly suggesting that CpPT1 and its
orthologs play pivotal roles in the O-geranylation of FCs in Citrus
species. FCs also accumulate in the pulp or flesh of citrus fruits,
although these concentrations are generally lower than those in
flavedo (12). However, O-geranylated FCs are undetectable in the
pulp of citron varieties (SI Appendix, Fig. S15), which possess
CpPT1 orthologs containing an 8 bp insertion, resulting in an in-
frame stop codon (12). Thus, targeting this gene during the
breeding of citrus fruits may weaken grapefruit–drug interactions.
Accumulation of other prenylated coumarins, such as auraptene
and O-dimethylallylated FCs, in citron varieties containing an in-
sertion in the CpPT1 gene suggests the presence in citrus genomes
of coumarin PT(s) distinct from CpPT1 and ClPT1 orthologs.
Although CpPT1 is well conserved among members of the genus

Citrus, phylogenetic analysis of rutaceous and apiaceous O-PTs
suggested that these plant taxa independently acquired aromatic
O-prenylation activity in a parallel evolutionary manner, providing
an example of repeated molecular evolution of plant UbiA proteins.
Because O-prenylation enhances the relevant biological activities
of FCs, both Rutaceae and Apiaceae likely acquired coumarin
O-prenylation ability for chemical defenses (5, 41). Interestingly,
the coumarin accumulation patterns of these plant families were
found to be similar. Rutaceae and Apiaceae store large quantities
of O-prenylated coumarins in oil cavities and oil ducts, respectively,
with both being extracellular compartments filled with hydrophobic
metabolites, such as essential oil terpenes (13, 42, 43).O-Prenylation
largely increases the hydrophobicity of aromatic molecules because
of the masking of hydroxyl residues by hydrophobic prenyl chains.
This reaction may enhance the accumulation of coumarins in hy-
drophobic extracellular compartments, although the mecha-
nisms by which hydrophobic metabolites are exported to such
compartments remain undetermined. In addition, FCs are gen-
erally toxic, being responsible for photo-induced genotoxicity and
P450 inactivation (20, 41, 44), suggesting that sequestering these
molecules from vital organelles by storing them in extracellular
compartments reduces the risk of self-toxicity. This strategy would
be complementary to a glycosylation-associated self-resistance
mechanism that increases the hydrophilicity of specialized me-
tabolites, allowing their sequestration in intracellular vacuoles (45).
The results of the present study suggest that aromatic

O-prenylation has developed independently among several plant
families other than Rutaceae and Apiaceae (1). For example,
Hypericaceae and Boraginaceae were shown to possess VTE2-2-
and PPT-derived C-PTs, respectively (46, 47). Based on the mo-
lecular evolution of C- and O-PTs in Rutaceae and Apiaceae, the
discovery in future of new aromatic O-PTs derived from VTE2-2
and PPT1 can be expected. The identification and characterization
of genes encoding novel aromatic O-PTs in as yet unexplored
plant families, including Hypericaceae and Boraginaceae, may
provide deeper insights into the genetic diversity of aromatic
O-prenylation in plants and the common/divergent physiological
roles of these reactions in plant taxa.
In addition to their O-prenylation activity, UbiA proteins were

found to evolve independently to become specialized PTs accepting
similar or the same aromatic substrates, such as flavonoids and
coumarins, in a convergent evolutionary manner (9, 48). Therefore,
the repeated molecular evolution of members of the UbiA super-
family in pathways enabling different types of aromatic prenylation
ability may underlie the biosynthesis of no less than 1,000 pre-
nylated aromatics in plants (38). Repeated molecular evolution
of different enzymatic properties has been reported in other

transferase families involved in specialized metabolism in plants.
For example, methyltransferases in the salicylic acid benzoic acid
theobromine synthase family catalyze theN-methylation of xanthine
alkaloids during caffeine biosynthesis. Both the ability to recognize
purine alkaloids as methyl acceptors and N-methylation activity
were acquired evolutionarily by multiple caffeine-producing plant
taxa in an independent manner (49). Similarly, the repeated evolution
of proteins of the plant uridine diphosphate-glycosyltransferase
superfamily has included alterations in sugar acceptor (50) and
sugar donor (51) specificity and in C-glycosylation (52). These
examples suggest that the repeated molecular evolution of en-
zymes largely contributed to the current distribution of special-
ized metabolites in the plant kingdom.
In summary, the present study provides experimental evidence

for the functional diversification of plant UbiA proteins to aromatic
O-PTs, an evolutionary process that likely occurred independently
in Rutaceae and Apiaceae. Identification of CpPT1 may enable the
efficient creation of citrus varieties showing reduced grapefruit–
drug interactions. Correlation of the expression patterns and/or
genotypes of the FC O-GT gene with coumarin profiles may help
determine coumarin metabolism in this agronomically important
genus in which few relevant genes have been identified to date (53).
Knockout of genes responsible for the formation of FC backbones
may reduce not only grapefruit–drug interactions but citrus photo-
toxicity caused by FC photosensitization (54), which limits the ap-
plication of citrus essential oils as cosmetic ingredients (55, 56). The
diverse pharmaceutical activities of O-prenylated coumarins, often
because of their O-prenyl moieties (2–4, 15, 28), suggest that the
coumarin O-PT genes identified in this study could encode proteins
producing valuable coumarin varieties.

Materials and Methods
Plant Materials, Reagents, and Experimental Procedures. Grapefruits (Citrus ×
paradisi cv. Marsh) grown at the Yuasa farm of Kindai University were col-
lected, and their organs (e.g., young leaves, mature leaves, buds, and the
albedo and flavedo of immature and mature fruits) were prepared as de-
scribed (SI Appendix, Fig. S1). Other citrus plants were grown and their fruits
collected at the Agronomic Research Station National Institute for Agronomic
and Environmental Research/International Center for Agronomic Research and
Development of San Giuliano in Corsica. Angelica keiskei plants (the Oshima
variety) for pilot experiments were maintained in the soil field of the Yamashina
Botanical Research Institute, and the same variety of A. keiskei for main exper-
iments were commercially purchased in Japan. Plant tissues were immediately
frozen in liquid nitrogen and stored at –80 °C, if necessary. Phenolic compounds
and prenyl diphosphates for the characterization of CpPT1 were purchased from
Sigma-Aldrich, Herboreal Ltd, Extrasynthese, Tokyo Chemical Industry Co., Ltd,
and Indofine Chemical Company, Inc. For the other experiments, DMAPP was
synthesized as described (57), and GPP was kindly provided by T. Kuzuyama of
the University of Tokyo and T. Kawasaki of Kyoto University. Auraptene stan-
dards were kindly provided by A. Murakami of the University of Hyogo and Y.
Uto of Tokushima University, and 8-geranylumbelliferone was also generously
provided by Y. Uto. The details of the experimental procedures used for
transcriptomic analysis, phytochemical analysis, gene isolation, plasmid con-
struction, microsome preparation, in vitro enzyme assays, liquid chromatog-
raphy/MS analysis, qRT-PCR, subcellular localization analysis, in silico analysis,
and statistical analysis are provided in SI Appendix, SI Materials and Methods.

Data and Materials Availability. All data needed to evaluate the conclusions in
this paper are present in the paper and/or in SI Appendix. “Nucleotide” and RNA
sequencing data have been deposited in the DNA Data Bank of Japan Sequence
Read Archive. The accession numbers of CpPT1–3, CmiPT1a/b, and AkPT1 are
LC557129–LC557134. The raw RNA sequencing reads are available as DRA010472.
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